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Abstract

A radiative transfer model developed to calculate outgoing longwave radiation

(OLR) and downwelling longwave surface flux (DSF) from the Television and

OperationalSatellite(TIROS) OperationalVerticalSounder (TOVS) PathfinderPath A

retrieval products is described. The model covers the spectral range of 2 to 2800 cmJ in

14 medium resolutionspectralbands.For each band, transmittancesare parameterized as

a functionof temperature,water vapor,and ozone profiles.The form of the band

transmittanceparameterizationisa modified versionofthe approach we use to model

channel transmittancesforthe High ResolutionInfraredSounder 2 (HIRS2) instrument.

We separatelyderiveeffectivezenithangle foreach spectralband such thatband-

averaged radiance calculated at that angle best approximates directionaUy integrated

radiance for that band. We develop the transmittance parameterization at these band-

dependent effective zenith angles to incorporate directional integration of radiances

required in the calculations of OLR and DSF. The model calculations of OLR and DSF

are accurate and differ by less than 1% from our line-by-line calculations. Also, the

model results are within 1% range of other line-by-line calculations provided by the

Intercomparison of Radiation Codes in Climate Models (ICRCCM) project for clear-sky

and cloudy conditions. The model is currently used to calculate global, multiyear

(1985-1998) OLR and DSF from the TOVS Pathfinder Path A Retrievals.
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1.0 Introduction

' _ Radiative processes _"of fundamental _ to_e climate system. Outgoing

longwave radiation (OLR) emltted to Space and downwelling longwave flux at the earth's

_ (DSF) are two of the maj_ components of the overall m diafire balance of the earth-

atm_pheresystem. It is well recognized that accurate calculations and n_asurements of these

_ents are crucial in understanding'their roles in climate variability.

Several long-term data sets of outgoing longwave radiation are'currently available from

satellite measurem_ts. The longest data set'of OLR is based on the Scanning Radi0meter (SR)

and Advanced Very High Resolution Radiometer (AVHRR) measulements taken from

National Oceanic and Atmospheric _on (NOAA) polar orbitin_ _tte]lites. In this

case, SR or AVI-IRR measurements of I0 to 12 fun channel radiances have been converted to

OLR by using regression coefficients _ from _ve transfer calculations

(Gruber and Kraeger, 1984). The NOAA_OLR data cover the perk_ between 1974 and

l_nt. A similar regression technique to derive OLR from mnlfi_ High Re_lufion

Infrared Sounder(HIRS)measuremen_haS eho been developed by _ et al.(1994).

An OLR dam sethas also_ _ from the Em_ _oa Budget (ERB)

measurements taken aboard Nimbns _ (Jacobowitz et al. 1984), _ ERB OI.Jt data

cover the period between 1975 and 1992(se¢ Kyle et ai., 1993). _ (X,R data set has

beendenved from the Earth Radiatio_ B___t (BRBE) __ flown on board

NOAA-9, NOAA-10, and the Earth _og_ Safe.re (ERBS) - (Barkstrora, 1989 and

refet_nce_ therein). In both th¢._:_,g_ _]_B]_ data sets broad spectral band radiance

measurements from the W'tde Field _ V_W.(WFOV) nm-scanner and narrow Field of View

(NFOV) scanner insmmm_ have _ _ _ derive two sets of OLR. The ERBE science

team also provides estimates of clear-_,__putgoing longwave radiation (COLR) based

on the scanner measurements (B_ _aL 1989). The ERBE scanner OLR and COLR

data are considered to be of very g(_fi __,_ of their _ _ temporal coverage

and instrument accuracy. But the glob_, _Escanner data are available only for the limited

timeperiodfromFebruary19S5to y_ .... :.,
OLR, m mentioned above, bu_,.,obtained from top-of-annosphere samIlim

measurements. DSF, on the other_ _.no significantcorrelationwith the top-of-

atmosphere radiation (Rama_thglk __so far has not been derived directly from

satellite measurements. Also, surface-based measurements of globe! DSF are not possible. A

plausible aPlwoach to obtain globa!.:_ :DSF is to calculate the DSF from satellite-

derived temperature, moisture and doud__on in radiative tra_er. For example, Gupta

et al. (1992) have developed a _ to calculate DSF based on radiative transfer



model calculations _ _ and nmismm_ _ _ from_ TOVS,

_j_d c_ds _ the _ ___). _ et al. (1992)

_ The present _study__m attempt to __, long-term records of OIJt and DSF

based on satelliteme_mlz_. As degni'bed by _ et al. (1997), global multi-year

(1985 to 1998) __A retrie_.v_l __ved from the TOVS radiances are

av__"abi_..We,_ a _ _er model to _ OI_ and DSF as a

func_ of relevant g_phy "sk_ ..immmet_ __ the longwa_ radiative fluxes in the

_ Adam_ U".smgthe_ a_d_ Pm A m_ah, global,twice-daffyper

satellitefieldsof___ OLR (_and DSF are _ and i_huled as a part

of thePathfinderPath A dataset This _ issimilartothatof Wu and Susskind (1990),

_i s,_w,__ _._t r_'_ _ m,x_]withimproved_ hasb,,m
d_lol_. Wu__ u_ __mm _m _ money mmnOLR
basedonxovs:_'_ 6 _P_'_ OLR,clearskyOLg,m_-DSFhavebeen

on a _gby _fing _ >Ais0, Wu md Susskmd used a c_natolo_c_d

ozo_ dism_mtio__we usethe__ r_iev_ in thecaicumiom.
The _ of the presen rep_ _w':_ the m_h'_ive u_m_r model that we

have developed for the Calcul_cm of OLR_ DSF using the Path A retrievals.It is well _
known that calmflafimm of OLR and DSF_ integration of radiants arising from

• tmn,sf_models me _ used m _i_OLR_and DSF. Most _ve transfer m_ j

mdev_opodto _t_leegwave flux_ _-bm_ mSm-'dm for _c,

tmmmittances for _ _. Examples of d_e are statistical band modek (e.g. Br_eb,

1992 and _enees _e_'n), _e _ k-distrilmtionmethod-(e.g.I.acis and Ohms,

1991),-and pre-computed lrmmmtftmice tabl_ _- methods (see Chou and Kouvaris, 1991
ii

and references_). The _ve _ model we developed is a nmdhnn spectral *i_i

_on _ i.'_tn ourmodel,_ _m_on used to-_ band i

Iransmittances as a function of temperature,_, and ozone profiles is a refinement of the ._

odgh_: u_d by SusskJnd et al.-_(i98_)-to model channel mmsn_mmces for the i

HIRS2 _ ofT_OS-N. Aho, _e pmeneU_on me_hod_ogy m an_ogous m_at

tl_e:_TOVS channel _ in the analysis of TOVS data in the ._used for modeli_
= = :. . . _ im

Paflffinder Path A _set. _ "

In additioK:ib fliv frequency _o_ ¢akul_om, of OI_ and DSF requ_ _l

_od oat-by the diffusivity _. A_mg m this _m_, R is ._
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assumed that angle-averaged, band-averaged transmittances can be accurately relm_ented by

the band-averaged transmittance of a beam along an effective zenith angle 0 =52.96 °, where

sec0=l.66 is the well known diffusivity factor. The diffnsivity factor was proposed by

Elsasser (1942) and has since been used in radiative transfer calculations for meteorological

applications (see Goody and Yung, 1989 for a discussion on this topic). In band models

: where band transmittances are .generally parametefized in terms of optical mass (effective

: absorber amount), this is accomplished by simply multiplying the band optical path by the

factor_ 1.66 in the radiative transfer calculations (Stephens, 1984). In our model we define and

obtain an effective zenith angle for each band used in the flux calculation such that the band

radiance in that direction, multiplied by _, is essentially the same as the radiance integrmed

over all angles. The use of effective zenith angles can be thought of as a band-dependent

diffusivity approximation.

In this report, we describe the radiative transfermodel, including the methodology used

to obtain the effective zenith angles. Accuracy of the model used to calctdate OLR and DSF is

assessed by a comparison with line by line calculations. Moreover, our model calculations of

OLR and DSF are compared with a number of other radiative transfer model calculations

provided by 1he Inter-Comparison _ Radiative Codes for Climate Modeling (ICRCCM)

program (Ellingson et al., 1991). Comparisons of the TOVS Path A OLR with ERBE and

AVHRR OLR, and that of Clear-sky OLR with ERBE clear-sky OLR have been presented by

Mehta and Susskind (1999). Comparison of the Path A DSF with available surface

measurements is underway and _ be reported elsewhere.

The radiative transfer model used to calculate OLR and DSF is outlined in section 2.

Comparisons of model calculations for various cases with line by line OLR and DSF

calculations and with the ICRCCM results are provided in section 3. A summary is given in

section 4.

2.0 Overview of the Calculation of Outgoing Longwave And

Downwelling Surface Radiation

OLR is the upward thermally emitted flux, F 1' , at the top-of-atmosphere and DSF is the

downward thermally emitted flux, F $ , at the surface.

radiances _zording to: _

2_ g/2 o,

OLR= F 'l" = _ I I Rv? _,*') sin0 c_s0 dO d_bdv

_=00 Ov=O _

These are related to mogocb_ma_c

2.1a

3



I_F--F _''- 2z __ 7 RV_ (0"_)sit_dOd0dv '_ _ 2.1b

¢_ffiO0=0 v=O " " _

k_

o=

2.2b

ifJt_ _ _h_ek,eds have• _by o-_), s_, downward

=_ for.__ __themrr_, R: ; _ becx_ui

Rv*eta (e. ¢)--JB,,tTiP)I de dP 2.2c
p,

am1for ove_._ _ as:

t'.

2.2d

÷ r .: _ . . _f_ . -: _

In the above _ott$, Ts it the stit_ce _, T¢_ _llMil_ati_e, "rb

thccloud-basotmimamm, BvtbePimmkfuactime_atwaveaumberv, P, an afecti_

pm_ of th, tot,of _ p, ._d P,,, _ ca_ _ _ p=mr_,
't_(P .0 .¢) is the amms#eflc tr_ from Imamae P tothe top of the atmmplan,
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where O-and 0,__ zenith and _ angl_ _y, R_ is._he:ttmtmaily
°.

emitted mo_ _ going to tqm_rand, _ is downwcRing _ at the

__t:_s_s_at-_ber:V. Fora_-free_, with _ surface

emissivity, outgoing tadiat_ Rt, cta can be expressed as:
• * • ._ - -=?_ ......

. p

1'(1:',,0,0)+ _B, [T(P)] d'vt (P,O, 0) dP 2.2a

t.,

For a cloudy, o_ aUnosphere _ spectral: cloud _ _v, R_ m can be expressed



L

U

U

u

F

and _(t, ,O ,0) is the transmittance from pressure_Pto the surface. (Also, note that

::eveivwbere in the text, upward pointing arrows represent outgoing radiance or flux at the top-

' _ of-atmesphere, and downward pointing arrows represent downward radiance or flux at the

  irfaee).
_: Iffof a given scene, the cloudy portion of the scene has fra_onal coverage 0t, and the

cleat _ I- a, then upward and downward radiances for the scene canbe expressed as:

K,, = (I- e_)R,, (e,_) a'" +_,R v (e,_)°up 2.3

where R_ °r J')(e, _b)cLD are the upwelling and downwelling radiances which would arise

from the scene if it were covered by a cloud with emissi_ of 1, and the _ a_ is the

radiatively effective cloud fraction. Combining Equations 2.1, 2.2, and 2.3, and ignoring the

frequency dependence of _, gives:

OLR = (1- o_8o)F 1' CLR + a£eF1. CLD 2,4a

DSF = (1 - aEc)F _ CLR + (XecF, CLD 2.4b

where F"l'e_ and F"['e_ are the top-of-atmosphere upward flux and downward surface flux

from the cloud-free portion of the scene, and F'[" and are the analogous fluxes

which would emerge from the cloudy portion of the scene if the cloud emissivity were I.

According to the above set of equations, OLR and DSF calculations require integration

of radiances over angles e, and _, lind over wavenumber v. The radiative transfer model we

developed accounts for the angle and frequency _tegrations in the OLR and DSF calculations

using the following approximations :

• The _radiances are consi_ to be homogeneous in the azimuthal direction 0- They

are dependent only on zenith _gie 0. ' _'_ .....

• Integration over the zenith_ angle:: 'is approximated _bY! evaluating radiances within a
¢

spectral band at single band dependent effective zenith angle, and multiplying by _ to

obtain the flux. The effective zenith angle is found from an ensemble of atmospheric

profiles such that the _/m_gated flux best al_ximates what would have been

obtained if radiances were ifitegrated over all angles (see se_ion 2.2). The effective

band zenith angles are found separately for OLR and D_P calculations.

5
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._ specud range_+fer the_+__2 to 2750 +m-l. The

inte__ _ out as It_ ofifluxes over 14_ intervals

zenilhangl_ O+? for OI._, and O++ for DSF calculationsam found based on

, monoc.hcumL_ _ _lgul_ons. Upwani.,md ._wnward _ for each

. +_ _ m __avera(_ of_e_evaluated

at the appropriate effective zenith angle for li_ interval using a rapid algorilhm band

• ,r.,.,.tt._ mo_),. _:_ _rimm._U..dm,m._tt,.,<__'P,.m 'q+-,,,
immmme_l as a function of tem_ profile., water vapor profile, and ozone.

prom+(ramS(_:_ _),
The Planck _ .... for a _ _m is approximated by its valueatthecenter

Wav_n_bm'of thlt l_J[Id) V i ) such-_ '-B;(T) = BI(vi,T) •

approximations, clear-s_ OLR and DSF are evalual_ as:

m(T.)',:;"(P,.o,")'+
d_.tl',,et/ ]

dp]" Bi(',+,)d,'p,.CLR=E:+
i=l LI=I p,

2.5b

w_"_i(P #0_ (_')) are the amx)sphe_ ii'amlmiB _ +__ effective

zlmilh_ O_ and Or. _= (_c_be_for_ ptom) _d _.ma). An

_ ofmmitclo_lemissivityinthecalculationOf Ft('[') OLD ismade _ thecloud

emissivity is includod in the frEtioul cloud cover _ ++ _ _ _.-b. + ,

tt_ by tim m,mmimm) __. _+_ )._, +w_+++mb-mmti+_ _ tree by Une
calculations, _ of findingtheeffective zenith an$1_, and the l_U'_etedzafion of the band

lransmittances are briefly described.

L -+

]

2.1 Line by _,._.+odltlons- + .... i +_ + i_+- +. ; i+_ .

_ by "=I_ (LB_L) _ _'_ in _ study we_ m
II

mm..m_ _8_ _ _m),.,. _. _ mu.Jms_ + c_. m2o.-,_ __
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CH4 were assumed to be constant with height in this profile, With values given in McClatchey

eta, (1972). For the reference profile, LBL calculations of integrated optical depths in 66

atmospheric layers from 0 to 1000 mb were obtained between 0 to 2750 cm "_at every 0.01

cm "1(Susskind and Searl, 1978). Optical depths for two additional _ proftles, one

colder _ the reference temperature profile by 20"C and mother warmer by the same amount,

were _ computed. LBL optical depths for any temperature profile were modeled as a

qt_dneic,fanction of temperature based on values calculated for tbe reference profile and the

_two additional profiles. Monoc.hromatic optical depths for any water vapor (ozone) profile

were computed by multiplying the reference optical depths values by the ratio of the layer water

vapor (ozone) column density in the profde to that in the reference prof'de. The total

transmittance function also includes absorption by the Nitrogen continuum and water vapor

continuum, as in Susskind and Searl (1978). Monochromatic optical depths at any zenith angle

were obtained from the nadir values by multiplying them by secant of the zenith angle.

In order to generate the effective zenith:angles and the coefficients of the band

transmittance model, 22 different profiles of varYmg te_, water vapor, and ozone were

used. Monochromatic transmittances (and radiances) for these profiles at eight ze_th angles

were calculated as described above. The eight angles chosen for the calculations, have been

used in the angular integration of radiances by Gaussian qudrature.

i ....

2.2 Effective Zenith Angles

To obtain the effective zenith angles for _1 bands, the concept of monochromatic

effective zenith angle is first defined. As mentioned earlier, azimuthal symmetry of radiances is

assumed' For a given atmospheric profile n, ff the outgoing and downwelling surface

radiances were independent of zenith angle and _were equivalent to their values' at angles

O_ (v,n) and O_ (v,n) respectively then: _ _: .... ,

__.V._= 2Rv'I'[0_ (v,n)J' Jsin 0cos0 _= Rv T 0_(v,n) 2.6a
0=0

and _ : _'' :i: _:_

if' $
2Rv4"_0e

Tho p, .d = ,.h=fo d r ,,dso
the radiances RvT and RvT calculated at _ angles and the _ angle-integrated radi_

F_ and 1_ satisfy Equations 2.6a-b. Radiances generally vary monotonically with zenith

7
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_o, _(__ aag_for_ (downw_ fluxif
mouodammtie _ is co.ting bom_ Uotmsphere. In the ease of upwening radiance,

thereverse is lrdeifthe radiance/s coming from the _. Consequently, the effective

zenith mgie_taay wavemmlter is well defined for a glvem profile.- As described in section

2.1, line ,by line montmhfetlii_ upweiling and downwe!liag radisacm R_ and R*v for eight

oam.a_ anst., and_ _uxJ.. F_' and _, havebe_compu_ata

0.01 an "I _ speeing for 22 atmosph_c profiles, Using these calculations, effective

zenith angles, O:(J')(v,n), for- each wavenumber and profile Were. found by linear interpolation

of R(0) in cosino(O), .s°that R*v and R*v ;.oqtmls._ for each case. The

values of effective zonith:.e_and e_.for the modei spec_ bandi are _ according to:

Ye._(*)C_,.)" _ -
e_(*) - v = vt n = I

- i _-, d_:_)(v;n} 2.7
de

v=vzn=l
dR t(*)(v,n)

where v I and v 2 arethe Iowerand upperlimita of wave tmmbens for band i end , , d0

is the derivative of profile n radiance with respect to engle st b effecti_ _ angle Eeach

frequency. Equation 2.7 ensures that the profiles and fitquemies" for which radisnces vary
_t,,_ _ _- _.i__y =_,_ -

" Figure la shows _'spectra] outgoing flux F_, and Figure Ib shows the
t'=.. _,

_iuivallJmtx_tm!tic brightness t¢_ spectrum, given by ev=B;'I_ I,

averaged over the values obtained from the 22 ixofUes, in the spectral nmpof 2 to 2750 cm -I.

Analogous spectra for the downweUing sm'face flux I_, and _ equivalmt

5 4

J

!

i
-±

7

spectra given in figures la and Ib ok.sHy show __ bands of water vapor, carbon

dioxide and ozone, along with mmmphefic windows in regions between 800 and !000 em "I

and between 1050 cm -1 and 1200 cm -1. The downwelling flux spectra in Figure lc and ld i

show fe.amres which are out of phase Wi_ th0se of the_lli_, flax spectnlm. As, result ofthe slrong absorption by CO_ and water vapor near the ea_s surface the emission .level is

_. ao_to_ _.o_ _ oft__ __ th._ "wi=___=ginm
.... whichth__" is.._o_aqueand_me radiativefluxes coming from _x,mer
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Figure 2 shows monochromatic l'adi_ _R__) _d R+v _)),averaged over the 22

profilesevaluatedat eachoffivedifferentzenithangiesinthesame spectralrange.These

+ _gios_ a subsetof anglesused in theangularinmgralionof.radian0esby Ganssian

, ,quadra!ure.The outgoing radiances(Figure 2 top panel)generally_with increasing

+ , =enitb!angle. This is due to increased attenuation of radiation arising frm_ warmer, lower

layers in the atmosphe_ and increased emission from colder, higher layen u angieinoreases.

_ : _;However,: atthe wavenumbers where the main emission going to _iarises from the

_':_, e.g. in the center _on of 15 tim _CO2! band, the __ with

• :"-t:"r:_2x_llith'allgie. The downwelling radi_;' o_the Oth_rh_ II_ independent of

' _:_P_millt:angie over most of the spectrum but inoreasewith _, =mith angle in the

)_: _cwindow region (bottom panel of Figure 2),-beCause as 1_ opti_ _ _iincreases

: _:'_i_::I_'zenithangles, more downwelling radiation arising from the lower_I warmer

:: '::_'_c layersreaches_thesurface: "_,-:.' :

To give an indicationof the corresponding _c effec_veme_Jthangles,we

f_ _=,-::defl_andpaot el'('l')(v),such that:
e

:, ' " _., + ..22 dRt{_){v'n_v' '

8+P('i')_;(V) n - 1
,,-,22 dR1"(¢)(V, 'n)'"'

L-, dO
n=l

• ++ + 2.8

• !i ' ! i_

•_ __mm shown in Figure3.The solidh_ntal lineinFigure3 is I!:+,_--96°_ whichis

thefrequency_t angle_ _ inthedimmiviV_on. Atthe
frequencies for which the derivative of the radiance with angle is less than _:_:., ,+

1.0e -5 mW.m'2.ster'l.(cmt)'l.degree "l, the effective angles are not shown in the figure since

radiances are almost the _at all+_::in these cases anddo not _te tothe band-

8_ e_ive _ Ih'lg|l_L_'_ +in _i_re 3, 4_q_ _ _ for outgoing

in:ener ,renanb.w +soremo+ thet+' poem++ "+++"++++:+_'2t0 2750

cm -1. In the window region between _ to +]_0 cm -I, the angl_ _ _ximatel

between55°to58°,exceptinthe_ absorptionbandwherethey+are.between40° to52°.

Effectiveanglesinregionsofstrongwatervaporabsorptiontendtobe about50°;andvaluesin
the15_ and4,3_m CO2bands+_:smnewhatlower.Time+ecdv++mmithangi=for

"_" • 'l'v lower k_O_+to those +for ontgoing fl_: In the case ofLdownwelting flux, Be(), are

do_wel_ling flux, emission is p_+_g from the bottom of the _ __here lines

+,9
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are stronger.. In _ mgings _ which .__vagy __wj.'th zenith angles,

e.g. __SO0and 1200 cm "1, v___Ue.sof eo$(v.); agefom__ to be _ 52 ° to 56 °. In the

part of the _xrtmm. where the vmiali_- of_41owilweii_ng,radian¢_ with angle is

_t

.aegliSible(oeeFig_ure2),_ anglesn_e_betWeea3_ _ 4._°."the_ pointsofinterest
me that.the_ve zeaithanglevEim conlidemb__withfrequency,thevaluesdifferfrom i

-S2,960,andthey _ diffemtt for-upwellingandd@m_ fl_,.
Thebehavioc-ef-_ angle)canbeunderstoodbasedonhew radiancesvary with

zenith aagles. !n _2._1;if radj'anceSRv(0)Werel/amria see0, iris easy to show that

the ee is equal_to6o°. _ w_ _ if-_ _ rabSo_'on c_mcient was

small and the_m_ledctmamituam,_mnbo_qqgO_,u_ in the _._path. If

Rv(8) were _in e(u_ aph___Oewoukt_4S', Xo_ _tent that
Rv(0) varies fastm" than _ in 0, % would be between 45°.: _ 60 -°. On the other hand, g

0e < 45° would occur if Rv(O) varied slower thin, l/near in_0. _Tlt/s-can occur for very large

.bsorpaon _,mres _ .aumucat_-mith_ _..

The 14 bands chosen for the calculations, and the means and slmulard deviations of the A

effective zenith angles for these bands based on the 22 profiles, are given in Table la for OLR

and in Ib for DSF, along with corresponding W of secant(Si). As mentioned earlier, for

computational proposes, the frequency-_<_ue of secant(_l.66 is generally used i

inmost radiative transfer models. We find that_se;bandvtdues of secm_0_) for (IR rm_

from 1.57 to 1.76, and the average value is close to 1.66. However, for DSF many values of "-_U

secant_ei)aresignificantlylowerthan1.66. []

Using the effe_ve zenith angles for each band shown in Table I. band-avecN_ _.=

are_ fof-_ _ U',a,_ of_ _, moisture, and

•, o_m_msZ, thetWid_dt_=_m_-__rasdmaibedi_ _-fonowing

section.

2.3 . R_ AlgOH. thm Band _. M o_ .!_

._ nq,id .tmmum."_ _ _to _:bsnd _v_ _ asa
!

As in S usski__., et al (1983), we. _ a form for band i av_ _ _,(P),

which _ flW__behavior of ___ 'gv(P), wlz_ .'g_CP) rept'es_ts

_ _ fmmpreuu_Pm fl__pWssure P,, and P, is the topofthe

I

J

il

. ___.mo______a__._ _ _ginally

__ TOW datain _e _PathAdatase_(_etal 1_/). "
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atmosphere in the case of upweHing radiation, and the surface in the case of downwelling

radiation. The monochromatic expressions are exact and given by the two basic relations :

J

2.9
j=l

where x,(Pj, Pj_,) is the transmittance in a layer between Pj and Pj_n, and

'c,(Pj,Pj_,)= "Cfv(Pj,Pj__)'_'(Pj,Pj_,)z:(Pj,Pj_,)"cr(Pj,Pj_,)'c:(Pj,Pj_,) 2.10

where _f, "c", and "c° represent transmittance of gases with fixed distribution, water vapor,

and ozone respectively, and "c"_ and 'c'_ represent tnmsmittances resulting from water vapor

continuum and nitrogen continuum absorption.

Our goal is to model the band averaged _ttence z_(P)to be used in Equation 2.5

for the computation of fluxes as a function of atmospheric temperature and constituent prof'tle.

It is convenient to use equations of the form of equations 2.9 and 2.10. But equations of the

form of 2.9 and 2.10 do not hold f_r _ a_ged transmittances uuless the transmittances

under question are constant across the b_ or the terms being multiplied are uncorrelated in

frequency. We therefore define effecfi_ i transmittances,

:_i(Pj, Pj__), _(Pj, P___) 7_'(pj, pj__), and_ _ (Pj, Pj,_), in a manner such that the analogous

equations hold:

I

,icP)- P,_,)
j=!

2.11

and

...... '_iCPj ,P.j..l)=_i (P,j, _ _'_:!_ _: .o
2112

NotethatcontinuumabsorptionvarieS:_:_sl_lywith_cy ina band so theinclusionof

band averagzvalu_ for_ose t_ms_ _Mthe form of2.9_d 2.10willsotintroduce

an appreciableerrorintheuseofanalogousexpressionsforband averagedtransmittances.

To_ns_th_formof_qua_] 1_d2.12,w_de_ine



L.ID

_:(P_.P,_.).,:(P,)/,:(p,_.) 2.14

, ,(_) re(P,_,)).,'.
2.15

and

.h,=_ _ _(P,),e(P,),=d _(_):..f,,.,_:,___, _
_:PI tO Pb, __-_ by f_g_, water; and _e; fixed _ and water;

. !

_L

W

W

U

ii

|
monochromaticuansmitta:n_:thesel_a_s.weektdepeadoelyon the__ m

depend on conditions between P_t and the boundary pressure P_,. The_ ofthemodel I
are _ based on ase_ of I/he by line calculations, in which all terms in Equations 2.13-2.16

are computed for the ensemble of 22 profiles, each done at the appropnate zenith angle Ot for band i

i (as described in Section 2.2).

The form of the rapid allgorithm parametm'izes _[(P_, Pj__), :g_'(Pj, Pj__), and ]_ (Pj, P]__) 1

in l_ms of the mean _ in lay_ P_, Pj_n, the colunm density of water vapor mindthe r_

column density of O_ in tile layer Pj, Pj-t, and aomuats fog. the l_ap_alawe-watm" ValX_-ozone [[

pgOfile between Pj_,alld Pb" Appro_al_ _ci,_-.iIL$ al'_ _ forbo_ OLR_I_:_IIN;_,

II
for_ P. =0 rob,_ .DSF __ for:whichP_ = 1050 rob. Note.alsothatthe _,

12
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In the case of fLxed gas absorption, the transmittan_ depend only on the temperature

profile. We model

]n _if(Pj, Pj-1)-- Aid=l" Bi,j (_Tj,j-1)+ Ci,j (ATj,j-1) 2=1=Di,j_TABo, vI_j_1 2.17

, , ATtj__ in Equation 2.17 is given by the difference betwcen the profile_mperamre in the layer

between Pj and Pj,l, and that of a standard temperature profile T O:_ _: _-: :: _ j,j-l" AT_ovaj_t in

Equation 2.17 is a weighted difference of the temperature pro_e above (below for downward

flux) Pj-n from that of a standard __ profile

= _ ATk,k-l( _f (Pk)- _f(Pk-1))
ATAe°veJ-I 1- _[ (Pk-1) 2.18kffil

which weights layers above (below for DSF) Pj-n according to their _ in the radiance

integral. For each band, and layer, we have 22 linear equations to _ten'me the four

coefficients. _ coefficient D e is set equal to zero forj=l, and for cases in:which Xj (Vj) is

greater than 0.99, indicating that the levels above j do not contribute significantly to the

radiance.

For the water vapor and ozone, we parameterize the effective absorption coefficients in

terms of the water vapor profile and ozone profile respectively. The model at this time ignores

the temperature dependence of the water vapor and ozone _ absorption. As in the case of the

the fixed gas transmittance (equation 2.17), the profile is vefex'enc_ to the standard water vapor

and ozone profiles u,,j.j_]° and"u o. J n gto r_= , where uj.j_] is the column
.... \u J,l-n/

layer density in the given profile.

For water vapor we write _

ln_r(pj, Pj_l)= Ei,j _112 : 2 'rw,j + Gi,j rw,j Hid rwABOVE,j'Irw,j + _,j + 2.19

where rwA_OV_' j__ is a weighted _ of_the effect of the water vapor ratio above (below

for DSF)Pj-I, given l_

13
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wh__ (e__,)__,_w_v_po__f__dp_ A_
_, wehave 22 equations to de_ f_ _ iil _h _. Hi. j is set equal

to++j=t or_(P+_,)++o.++.T_ +_..... ++-+++ ++-+++_ _m _+in form t0 m _ vapor

algorithm, with _cie_tts I, J,_ and L f0g band i_ l_er j, j-l, except that coefficient L

multiplies a slightly different term for ro_v_.j-, _ by

r°+m'.+-'-Llnx° (p,_;).] : + ....

The form of this term for ozone was found to fit the line by line calculations better than the

Bali,_+_on _ _"_ clear sky; _lmd DSF _ obtained

_'to _ 2.5, ruth __ for _ _ _ DSF, m m+

competing them with the line by line _ cmied out by us and also with those

provided by the ICRCCM results.,

s.i. -__ wm:+_++:lc,.m+_ + _+:
c,iv_ _ _ __ by__,_ _ ofOLRma DSF m

:_:_:'on two approximations:use of_e __ angle f0reach _ad_ _ for

i

i
i

i

l

|

mmgul_ inmgrEi<m; and use of the _ al_limm f_ _, llole41+++ wilh the

evaltmlion of the Plmck function for each band at its +ctliit"ll _, to account for

frequency integration. If both approximatim= were perfect, band fluxes would agree exactly

withthose_ from_by__for_m_. B is therefore

i
|

- . , _ :: + ++ : - + : i

necessary to re+how Well the + ¢akulafiom _ with:_ line by line calculations.

This con_ should be done for _ clear and cloudy _ons. For the cloudy i

compmison,a cloud v_m mJmivityffilis p_ced at: the +_mOmb kv_m _ of m+ 22

l:n_fil_. OLR mid I_F are then cal .cli.l_.. for ¢lem" and cloBo_+COlldiliOBil by the _ by line i
method and by using the model described m the previous section.

14
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Results of the line by line and the model eal_l___o[//_!OLR and DSF for the ckar-sky

and cloudy cases for the 22 profiles are shown in Figure, 4. Corresponding me,_s and

standard deviations are given in Tables 2a and 2b for both total OLR and its spectral

_ompo_nts, and in Tables 2c and 2d for DSF. As showmin Figure 4, oui_ model calculations

of OLR_(left panel)and DSF (right panel) for clear-sky and cloudy condifio_ agree well with

the __ line by line _ations. As shown in ti_ Tables 2a, 2b, 2c, and 2d,

qmermmI_or all the spectral components is also good. The mean _ _ the line

_byline and the model calculations of total OLR under clear conditions it 0.26 _W-m -2 and the

standard deviation is 1.31 W.m- 2. For the cloudy conditions, the raean difference of total

OLR isOA4 W,m-2 and the standard deviation is L89 W.m -2, FOt-_DSF, the mean

differences are -0.71 W.m -2 and -0.3 W.m -2 for clear and cloudy conditicm respectively.

Corresponding standerd deviations of DSF are 0.56 W-m-2 and 0,18 W_,_ These errors

,>,i result from a .combination of errors due to errors in the frequency an d_ angle integral

approx/matious, as well as the band transmittance algorithmerror. ....-......_,_

.As described in the previous section, we used the band-dependent _ve zenith

angles_to_aplxoximate the angular integration required m calculam OLR and DSF. The

coaventional _diffusivityapproximatiom__.nsesa frequency-in_'_L_Ci_m_mith.mngle of

52.960. Band coefficients are foundwhich represent nadir _ (eff_i've zenith

angle of 0 °) and when used in the calculations the nadir optical path isJ b_h_ f'_'tor 1.66

= semmt (52.96°). As described in Section 2.3, the model we uso; t0 _e_dcul_ the bend

mmsmittance was originally developed and used for: HIRS _ trmmm_ces, In the

model, layer band mmsmiU_nces for water vapor and ozone m_ _Im a non-linear

f_on of the ratio of layer column dcmity to the colm_n d_sity ___ _ in

reference profile, Therefore, in the ¢o_ext of our model, the __ diffusivity

approximation, interms of scaling the optical path, isnot_y _, _ line by

line cakul_ls for each band are earriedout at the _ effectiv_ z_th angles to obtain

_theband ummmittan_. : .... _

To examine diffetmt apl_sches of angular integration, we_ _ out two additional

:_ sots_ofOI_ and D&F cak mla!iom__ : In the first case, the band _.0f the effective

zenith angle is ignored, and the m0nochromatic ttmmmittanc_ are _ at a constant

zenith angle of 52.96 ° and then averaged for use in the _on of the band

transmittances. The second case_ _ a different approach, _i_ =which: monoclwomatic

mms_ for a given Ixofile are first integrated over all zenith angles using Gaussian

and _ averaged to obtain the_band transmittances, In both. these cases,

_ate rapid algorithm mod_l coefficients based on the line by,-line calculations, as

described in Section 2.3, are genersted. Total flux vaiueei computed by using each of these

15



_,_q with tho_ _ from line by line_ md our own model

colculatiom(uslmwninTsble2amd2c) are given in Tab_ 3. Asshown in Table 3, in the

first additional case (column C_the mean difference of OLR fromline by line calculations is

-0,61 W-m -2 (stmdard &_ of 1.63 W-m -2) and that-of DSP is 0,92 _ (standard

deviafiow0.57 W_-2). The mean total OLRin theNcoad=_ (c_flummD) differs by -0.39

W,m- 2 (standard _ is 1.36 W*m-2) and DSP _ by 0.86 W-m -2 (standard

de_ is 0.62 W.m.2) compm_ to the line by line _ These values are

m_0nally poo_'m _ obtained by usingour model (c_an B in Ta_ 3). __on

U

_. Cal__atim D in_Table 3 shows eut-inte_ monedaema_ trammittances over

ansiu and usingthe_. _o:obtaina:rapid,algorithmis almostas good as,finding band
transminancesateffecti_angieswhichmatch_ band radiatiW_

: : Inaddiliontotheabovecase_ wehavecarriedoutaeakalatieain which transmittances

atnadirareaveragedtopt l_md t_msmitmna_-md thentherapidalgoriflm1-_ts are d

-. _ Wl_Nma_l_mg:OL,RmdDSF, the_bmd:__m_ _ raised to the factor

l._.: As shown in-cohmmB.af Tabk 3, clearly, this_qqn'oech_very_poorand introduces

larp:bissesinOLR md-DSF. The biasisneplive(-14.24Wqn-2) inOLRwith a standard
i

3.40w, susSesensthm is  nnted   aeo Thisisexpected

because _ isalways greaterthan _v-_e, where thebar representsfrequencyaverage,

except for the special case in which _ is independent of v in the band. This last calculation of i

raising the band txmmmittan¢_ to 1.66, although not ¢ommoaly used in band models, is

emi_ o_m_ wi_wo_dbe the _ _ _,ro¢ ff._diff_vity 8ppm_m_ion is d

q_pli_ _to bind trans__ instead of 0p_ical p_bs (effective absorber

_y. From the re.salts InCScnted in Tsbk 3, it_ that if the angular integration is j
_ out for the _c transmi_ and theband ]xwameten arefound from the

angle-integratedtransmiuances, the method of exact angular in__ is not critical. But, in

the ¢¢m_xt of our ba_ model, _,_ _sot_y use optical m_, lhe _prosch we have

_ _usedis_ __, The benefitsiof-_his:al_ _' would be more evidentif
:'used incalculationsof_ing:flux from narrow spectral bmdsi

_. ,i_

8_.2 Comparison with the ICRCCM Results i

In the previous section, we have shown that our mode1-cakulm/em _ very well :_

with our line by li__ous for cksr-sky agd cloudy _. We now _ our i
:_: ce]cul_o_ _ _ and DSF with _ of IOgCCM _ruut_ for c_ md cloudy

_om. We haveused the._ _ profiles of_, water vapor, arid
|
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ozone provided by the ICRC(3d committee for tropical_o_d-latimde summer and winter,

, mbm_c summer and winter conditions as compiled by _ et al. (1972). For clear-

sky conditions, we have calculated OLR and DSF using our model for cases 25, 27, 29, 31,

and 33 ofthe ICRCCM tests (see Table 3 of Elfingson et aL, 1991). Calculations of three line

by line models,: selected from more than 30 _ models included in the ICRCCM, have

been chosen for the comparison with our model calculatiens. The results of the compazison are

shown inTable 4a. As shown in'Table 4a, our band,m0del calculations of OLR and DSF are

within the nmge of 0.3% to 1,4% compa_d to theli_ bFline calculatious, and compare with

the other line by line calculations as closely as they do to themselves. The major differences

result from different assumptions about line aad coutinuum absorption characteristics.

For the cloudy case, we have used the mid..lstitude smnmer lxofile and have carried out

four' different calculations of OLRi_and DSP_ as provided by the ICRCC_ !test cases

corresponding to different cloud opacities. It is important tonote that in the Paflxfinder Path A

calculations of OLR and DSF, we use :the effective cloud amotmt which is a godact of cloud

emissivity and cloud fraction as _ from the TOVS _ts (Susskind et al.,

1987). Therefore, we do not have to exp]i_'tly _ @loud emissivity in the model for

our OLR and DSF calculations. However, to test our model, we have _ cloud

emissivity as a function of liquid water path and effective cloud-drop size following Paltridge

and Platt (1981), Stephens (1978), and Mehta and Smith (1997). The model calculations

carried out using this parame_ou are presented in Table 41> along with the ICRCCM

results. For these cases, line by line calculations from ICRCCM were not available.

Therefore, the ICRCCM results are presented in terms of mean, standard deviation, and range

of OLR and DSF based on the different models (Table 11 in EIlingson et al., 199 l) which were

used in the ICRCCM comparison. We find that our OLR calculations are within I% and DSF

are within 0.6% of the ICRCCM means for these cases.

4.0 Summary
in this report, the radiative transfer model used to calcndate OLR and DSF from the

TOVS Pathfinder Path A retrieval products has been described. The model is computationally

efficient and is being used to calculate global, twice-daily per satellite, multi-year OLR and

DSF using the TOVS Pathfinder Path A retrievals, which include surface skin te_,

atmospheric temperature, moisture, and ozone profiles, cloud top pressure and temperature,

and effective cloud fraction as (Susskind et al., 1997).

We have derived band-dependent effective zenith angles which are used for the angular

integration of radiances in the model. These angles me used to calculate monochromatic

transmittances at the appropriate angle which are then averaged to find band transmittances.

17



Thisis_tbomthecon_m_a__in which band trmsm/_mes

as a _ of oI_kal path am_ found at nMir and the optical pal of absorbers are sca/ed by .-

the _nt of a _-_dent angle of 52.96 °. The fom_ of the rapid _nsm.i_mce

tiptithm used for _ the-bamt tmmmittance is accurate _ modeling wide band

300 cm-l)u_ in_the presem study, as_he model calculations differ U(lOOm

byless th_ 0.2%.from our li_by line _" OQr results- m'e also within I% range of

_ provided by l_ for clesr-sky and ¢Ioudy-_'ons, with some of the• from _ resulting from effects of different assumptions of line and
m

cmema_ absorptiee emmetetis_s. ]_
...... :AsshownbyMelmmdSusskttd (1999), _l_ (].R and:O:ff.R derived ftmn TOVS

Patit A atem _aSmmmm with the_memurements. We intend to v_idate the

DSF With avai3able _ sad _ttte iimflts elsewhere. The TOVS Pathfinder

Path A _ data ate cmtemtty available for 14 years (1985 to 1998) and will be extended to

co,,mr the Imrtod lmtweea 19q9 to 1998 in__ ._'_

• More infonm_om shoat the Ooddard TOVS_ Path A data set is available

from ". http..//faster.gsfc.nasa.gov/srt.html
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Figure 1

Figure 2 •

Figure 3 •

Figure 4"

List of Figures

: Spectrum of : a) outgoing longwave flux at top of atmosphere, b) brightness

temperatures corresponding to the outgoing flux, c) downwelling longwave

flux at surface, d) brighmess temperatures corresponding to the

downwelling flux. Unit for flux is mW.m-2-crrr l, and for brightness

temperature is K.

Variation of outgoing longwave radiances (top) and downwelling radiances

(bottom) with zenith angles. The five zenith angles shown are selected out

of eight angles used for angular integration of radiances by Gaussian

qudrature. Units are mW.m,2oster'l.(cm'l) -1.

Spectrum of effective zenith angles for outgoing flux (top) and for down-

welling flux (bottom) ealculat_l according to Equation 2,8. Units are degree.

Comparison of line by line and model calculations of OLR (left) andDSF

(right) for 22 different profiles. Triangles in the diagrams show flux values

under clear-sky conditionsand squares show values under cloudy conditions.

Units are W.m -2. _.
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_,__ I_ of Tables w

Table la : Effective zenitbangle_. •averaged over 22profiles i_s/their standard

deviations for each ns_elband used in the OLR cakulmiems.

W

U
Table Ib: Sume as in Table la buffor DSF.

Table 2a : Comparison of total OLR and its spectral components,averaged over 22

profiles and the/r standmi deviations, with thosefrom line by line calculations

under clem- conditim_.

Table2b • Same asinTable2abutunderaloudycond/lionswithunitcloudemissivity

and cloudtopplacedat500 mb levelineachprofile.

Table_2c: Same asinTable2abut forDSF.

i

|

U
Table 2d : Same as in Table 2bbet fefDSF.

Table 3 : Comparison of total OLR and DSF, averaged ove_ 22_profiles and their

Table 4a :

|

standard deviations, calculated by usingdifferent m_zxls of angular i

integration, with those from line by line calculations, in which radiances were

integrated over eight zeni_ angles by Gaussiau qudratm_, i

Comparison of model calGulafions of total OLR and DSF with those from !
ICRCCM project results under clear conditions. __

Table 4b : Comparison of model calculations of total OLR and DSF with those from

ICRCCM project results under cloudy conditions.
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Band

(cm'l)

2 - 150

150 -250

25O -350

350 -500

500 -650

650 -800

800 -950

950 - 1I00

II00 - 1250

1250 - 1500

1500- 1800

1800 - 2100

2100 - 2400

2400 - 2750

Table la

Equivalent Zenith Angles for OLR

Equivalent
Zenith Angle (St.Dev)

degree
oe (aOe)

50.36 (0.59)

50:64 (0.65)

51.62 (0.53)

52.57 (0.48)

52.53 (0.37)

52.94 (0.09)

55.86 (0.78)

53.08 (0.29)

55.21 (0.26)

51.64 (0.33)

50.36 (0.33)

52.51 (0.41)

52.74 (0.12)

55:08 (0.14)

see (Oe)

1.57

1.58

1.61

1.65

1.64

1.66

1.78

1.67

1.75

1.61

1.57

1.64

1.66

1.69
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Table lb

Equivalent Zenith Angles for DSF

Band _ _vJdent : _:'

(cm-1) Zeni_ _A_il!e (St.Dev) Udegree

Oe (AOe) sec (Oe) H
i

2- 100 44.99 (0.36) 1.41 H

100- 250 _ 44.54 (0.28) 1.40

250 - 350 _ 44,20 (0.33) 1.39

350- 500 43,79 (1.57) 1.38

500 - 650 46:04 (2.24) 1.44

650 - 800 _: _52_12 _(0.15) 1.63 M
i

800- 950 55,71(0.23) 1.77

950 - 1I00 54-.82 (0.19) =1.74

1100-1250 53.92 (0.56) 1.70
ii

1250- 1500 47.45 (1.14) 1.48

1500- 1800 42,88 (0.74) 1.37 H
1800- 2100 5037 (0.58) 1.57

2100- 2400 52_38 (0.17) 1.64 t
2400- 2750 54.85 (0.07) 1.74
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Table 4a

Comparison of OLR and DSF with ICRCCM Clear.sky Remits

Case OLR OLR " DSF DSF

(W.m-2) (W.m-2) (W.m-2) (W.m-2)

Present From Present From..
Study ICRCCM Study ICRCCM

U

|

i

!
|

Tropical

MicUatitude Summer

Midlatimde
_Winter

Subarctic
S_',a'mr

Subarctic
winter

296.69
294.48 a

298.28 b

296.83 c+

394.46 389"46 b

L_ 389.96c

285.78 a

289.89 288"99 b 344.84

288.o5c

233.05 _
234.26a

236"56 b _-217.78

235.23 c

266"29a 294.45 292"79a
269.96 b 287.31 b

266.52

269.44 c

2oo.sTa'
_ 2029_

201.27 c

389.89 a

II

Arkin8 A.C

!

Line-by-line model -

_i.__ LL,_--by.I/nemodeJ- _;xWand_ed_ Fels i
Line-by.line model -

200.16 :165.24

|

342.31 a

340.20 b 1

343.23 c

215.42 a !

210.54 b

217.27 c !

293.42 c

164._ a

162"_b168.23 c
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Comparison

Table 4b

of OLR and DSF with ICRCCM Cloudy Results

t_

_T

iL

L

,u
l,d

U
i:ii

U

a
b
C

Case OLR OLR DSF DSF

(W.m-2) (W.m-2) (W.m-2) (W.m-2)

Present From Present From

Study ICRCCM Study ICRCCM

Cloud top at 13 km

liquid water 10 g.m "2

effective dropsize 5.25 lan

Cloud top at 2 km

liquid water 10 g.m -2

effective dropsize 5.25

Cloud top at 13 km

liquid water 200 g.m -2

effective dropsize 31 _un

Cloud top at 2 km

liquid water 200 g.m "2

effective dropsize 5.25

165.06 a

163.76 18.75 b 359.05

66.28 ¢

360.43 a

6.74b

23.I0c

276.05a 398.97a
400.23

275.19 8'38b 8"02b

33.68c 28.08c

129.82a_ 361.I0a
361.16

128.35 5"26b 7"22b

21.98c 24.22c

273.47a 412.69 a

271.02 8.68b 410.18 2"54 b

39.67 c 7.91 c

Mean value from the models included in the ICRCCM tests
Standard Deviation from the mean

Range of values found in the models

U
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